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SUMMARY OF FINDINGS 
This research consists of laboratory and field studies on post 
weld treatments of the termination of welded cover plates. Both as-welded 
and fatigue damaged members were tested in the laboratory to determine 
ways to improve fatigue strength and to retrofit fatigue damaged bridge 
members. Information is also provided on cracking due to the out-of-plane 
movement at the end of transverse stiffeners and the effectiveness of 
retrofitting these cracks by drilling holes. 
The test data for the untreated cover plate details show, that 
beams with thick flanges have less fatigue resistance than Category E of 
the current design specification. A new lower-bound fatigue resistance 
was constructed based on the test results and estimates from a mathemati-
cal model. 
Peening and gas tungsten arc remelt passes applied to fatigue 
damaged weld toe regions can be used to retrofit full size beams. Peening 
is a reliable method for small cracks; the gas tungsten arc remelt process 
is preferred for larger cracks. The improvement of the detail due to the 
retrofit is to the next higher fatigue category, because cracks can still 
grow from· the weld root. 
Both retrofitting methods can be carried out under field condi-
tions and on A36 and A588 steel and other high strength low alloy steels. 
Retrofitting was applied at the Yellow Mill Pond Bridge in Bridgeport, 
Connecticut. Forty cover plate details were inspected for fatigue crack-
ing using visual, magnetic particle, dye penetrant and ultrasonic 
X 
procedures. The field inspection showed, that cracks can be detected best 
by visual means with a lOX magnification after the region has been blast 
cleaned. Fourteen cover plate ends were repaired by peening and eleven by 
gas tungsten arc remelt. 
Out-of-plane displacements in web gaps with lengths between ten 
and twenty times the web thickness resulted in fatigue cracks if the 
cyclic movement exceeds 1/1000 times the gap length. At gaps equal to 
five times the web thickness fatigue cracks developed when the cyclic 
movement exceeded 1/2000 times the gap length. These cracks at the end 
of the stiffeners or along the web-flange fillet weld can be satisfac-
torily retrofitted by drilling holes at the tips of the cracks. No 
further crack growth could be observed under in-plane bending. 
Web details which simulated penetration of a girder flange 
through the web showed a very low fatigue strength. Fatigue cracking 
occurred at stress range levels well below Category E. 
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1. INTRODUCTION AND RESEARCH APPROACH 
Relatively large reductions in fatigue strength of many welded 
details occur when cracks initiate and grow from the micro-sized defects 
that exist at the weld periphery. This behavior had been demonstrated by 
studies on cover-plated beams and other structural details, and has been 
reported on NCHRP Report 102 (]), "Effect of Weldments on the Fatigue 
Strength of Steel Beams," and NCHRP Report 147 (~), "Fatigue Strength of 
Steel Beams with Welded Stiffeners and Attachments." Recently fatigue 
cracking has been observed in the field at a number of different structural 
details. In one instance, complete fracture of a tension flange followed 
fatigue crack growth at the toe of a transversely welded cover plate in a 
13 year old bridge at Yellow Mill Pond (10). Subsequent inspection of 
fifteen other cover plate ends revealed that two beams adjacent to the 
cracked member were also cracked through one-half the flange thickness. 
Smaller fatigue cracks were detected at several other cover plate ends. 
Stress measurements on two of the Yellow Mill Pond spans showed 
that the peak stress range* varied from 24.1 MPa (3.5 ksi) to 47.6 MPa 
(6.9 ksi). The fatigue (endurance) limit for cover-plated beams was 
derived from smaller size laboratory studies as 34.5 MPa (5 ksi) - see 
AASHTO Category E. Since nearly all stress range excursions were below 
this value no fatigue cracking was expected to occur (10). 
* For tension, stress range is based upon nominal load per section area. 
For bending, stress range is based upon nominal flexure fiber stress. 
-1-
The study builds on research completed earlier under NCHRP 
Project 12-15, "Detection and Repair of Fatigue Cracking in Highway 
Bridges." Project 12-15 demonstrated that peening the weld toe or apply-
ing a gas tungsten arc remelt process was successful in improving fatigue 
strength in the laboratory (l,l,29). This study includes further work on 
these methods and was concerned with three major areas related to the 
retrofit or repair of fatigue-damaged members. 
Until the early 1970's, there were no reported or known problems 
with welded bridge structures that could be associated with out-of-plane 
displacements causing secondary web bending stresses. These cracks were 
first observed at the ends of cut short transverse stiffeners. Cracks 
were next observed at the ends of floor beam connection plates. Experience 
with actual structures has shown that cracks have developed at both cut 
short and "tight fit" plates in negative moment regions and near end sup-
ports where the flange is restrained (~.~,27). 
Unfortunately, the design state of art did not consider the type 
of behavior that caused cracking at the ends of cut short stiffeners and 
web connection plates on welded built-up bridge members. Experience with 
welded structural components in bridges is not as extensive as riveted 
construction. Although extensive research has been undertaken on welded 
stiffened girders, the type of behavior which has caused cracking was not 
examined or thought of. Design guides and specification provisions were 
developed which did consider such factors as web buckling in shear panels 
and at stiffener ends. However, out-of-plane bending due to sway or 
handling as in the case of transverse cut short stiffeners or the cyclic 
-2-
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out-of-plane movement at connection plates for diaphragms and floor beams 
were not considered or thought to be a problem as a result of earlier 
experience with riveted structures. Hence, the occurrence of cracks of 
this kind was an unforeseen event which neither designer, fabricator or 
owner could have anticipated on the basis of past experience. The problem 
was briefly discussed in 1974 (12), and a more thorough treatment of the 
problem was recently published (i). This provided recommendations as to 
how the problem could be minimized or avoided. 
Unfortunately, most displacement induced secondary stress pro-
blems which result in fatigue crack growth are difficult if not impossible 
to anticipate as they involve the true behavior of a structure rather than 
the assumed design behavior. These differences are only critical at very 
local regions which the design idealization cannot account for. Experi-
ence accumulated over extended periods of time is the only way such pro-
blems are uncovered. This was also true of riveted construction. An 
example of this is the behavior of riveted web angle shear connections. 
It was only after these were in use for many years that cracks started 
to occur from the prying that developed due to end rotation of the con-
nected member. Studies were made by Wilson (13) and rules were suggested 
that attempted to minimize the effect of restraint in riveted web angle 
connections (14). 
To provide information on the out-of-plane movement at web gaps, 
tests were carried out to establish the relationship between gap length, 
magnitude of displacement, and cycle life. After cracks developed, these 
details were also retrofitted to provide information on this condition as 
well. 
-3-
The cracking of steel box girder bents on the Dan Ryan 
Elevated (18,19,20) indicated that information was also needed on details 
at intersecting members, particularly when the flange of one pierced the 
tension area of the web of the intersected member. Since comparable 
details exist on other bridges it was desirable to acquire information on 
their fatigue resistance. Several simulated details were tested as a 
pilot study to provide this information. 
1.1 Objectives and Scope 
Task 1 had as its objective a detailed inspection and retrofit 
of the east- and westbound bridges of span No. 10 at Yellow Mill Pond in 
Bridgeport, Connecticut. This task was carried out during the summer of 
1976 and additional inspections were made in 1977. 
Task 2 had as its purpose the testing of fifteen full size 
cover-plated bridge beams. These beams were the same size as many beams 
at Yellow Mill Pond. They were tested to determine the fatigue strength 
of these as-welded members and to further assess the merits of retrofit-
ting fatigue-damaged details by peening the weld toe or applying gas 
tungsten arc remelt to the cracks at the weld toe. Several earlier tests 
on full-size beams had indicated that their fatigue strength was less than 
observed on earlier tests on smaller size beams. The program of tests 
carried out under this task was to assist in defining the fatigue resis-
tance of full size beams with cover plates. 
Task 3 was undertaken in order to define the behavior of web 
gaps at the ends of transverse stiffeners or connection plates when 
-4-
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subjected to out-of-plane displacements. Five previously tested welded 
built-up girders were repaired and used for this study. Additional trans-
verse plates were welded to the web with varying gap sizes. After cracks 
were formed by subjecting these girders to out-of-plane displacements, 
holes were drilled at the crack tips. Thereafter cyclic bending stresses 
were applied to evaluate the effectiveness of the retrofitted cracks. 
1.2 Description of the Laboratory Tests 
1.2.1 Full Size Cover-Plated Beams 
The full size beams tested in this project were rolled W36X230 
A36 and A588 steel beams. They were 6.1 m (20 ft.) long and tested on a 
5.8 m (19 ft.) span under 4 point loading as shown in Figs. 1 and 2. The 
beams for each grade of steel came from the same heat. The sections were 
cut to length and 32 mm x 305 mm x 2286 mm (1.25 in. x 12 in. x 7 ft.-6 in.) 
cover plates were attached by welding to both flanges. The girders were 
fabricated by a local fabricator who was instructed to use normal bridge 
fabrication and inspection procedures. 
Fillet welds 13 mm (0.5 in.) were placed along each side of the 
cover plates and were made simultaneously by the automatic submerged arc 
process. The transverse fillet welds at the cover plate ends were made 
manually by the gas metal arc process and were continued around the cover 
plate end for a distance of about 25 mm (1 in.) to avoid leaving a crater 
at the cover plate end. 
-5-
1.2.2 Test Specimens for Out-of-Plane Displacement at Web Gaps 
Five girders tested previously on FHWA Project DOT-FH-11-8271 
were used for these tests. The girders were welded built-up sections of 
either A36, A514 and A58S steel (~). 
All five of these girders had been previously tested under cyclic 
loading. Any detectable fatigue cracks were repaired prior to welding 
additional attachments to the girder webs. 
Small cracks in the tension flanges were repaired by air-arc 
gouging and then welding. The weld reinforcement was then ground smooth. 
A 25 mm (1 in.) hole was also drilled through the crack tip. Two girders 
(BlO and Bl2) were repaired this way. 
A larger crack in the tension flange of BlOA was repaired by 
groove welding a specially machined piece into the cracked area. All 
groove welds were prepared to bridge specification quality and the rein-
forcement was removed by grinding. No cracks were detected on the other 
beams. 
Vertical stiffeners, 89 mm x 13 mm x L (3.5 in. x 0.5 in. x L), 
were welded manually on one side of the beams. The weld was sometimes 
continued around the end of the stiffener. A schematic of a typical beam 
with added stiffeners is shown in Fig. 3. 
1.2.3 Testing Procedures, Full-Size Cover-Plated Beams 
All beams were tested on the dynamic test bed in Fritz Engineer-
ing Laboratory, Lehigh University. The span length was 5791 mm (19ft.). 
-6-
I 
I 
·I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
r 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
The cyclic load was applied with two 500 kN (110. kips) jacks for the beams 
with the 55.2 MPa (8 ksi) and 41.4 MPa (6 ksi) stress range and with two 
250 kN (55 kips) jacks for 27.6 MPa (4 ksi) (see Fig. 2). The jacks were 
driven with an Amsler variable stroke hydraulic pulsator at a constant fre-
quency of 520 cycles per minute. The loading cycle was sinusoidal, the 
minimum applied stress was always tensile and varied from 1.4 MPa (0.2 ksi) 
to 15.2 MPa (2.2 kis). All testing was carried out at room temperature 
between 15° C and 27° C (60° F and 80° F). 
SR-4 strain gages were used to control the strain during each 
fatigue test. Three gages were mounted at the center section on the ten-
sion cover plate, two strain gages on the net beam section between one 
jack and the support. During fatigue testing the strain was monitored 
with a calibrated oscilloscope. 
The controlled stress level was the nominal flexural stress in 
the base metal of the tension flange at the end of the cover plate. 
Each beam was cycled until a crack was detected at one end of 
the cover plate. The examination was usually made visually with lOX magni-
fication. When first detected, the cracks were about 6 mm (0.25 in.) long. 
The toe crack was permitted to grow until it was 25 mm (1 in.) to 75 mm 
(3 in.) long and then retrofitted by GTA remelt welding or by peening 
after which the test was continued. The crack which occurred at the other 
end of the cover plate was permitted to grow and defined the fatigue 
resistance. The cracked section was repaired after first cutting the 
damaged region out of the beam for further study. This gap was then filled 
with weld metal and the cover plate was extended as shown in Fig. 5. 
-7-
Testing was resumed and continued until the beam failed or was subjected 
to between 40 and 60 million cycles. 
Special web insert details (see Fig. 4) were positioned in four 
of the cover-plated beams, so that the bending stress range was about half 
the stress range at the end of the cover plate. All of these details 
exhibited fatigue cracking before the cover plate ends. They were retro-
fitted by drilling holes in the web at the crack tips. 
1.2.4 Testing Procedure, Out-of-Plane Tests 
Each beam was first cracked in the web gap at the stiffener ends. 
The beams were laid horizontally on two pedestals (Fig. 6). The cyclic 
load was applied by one 25 kN (5.5 kip) jack, driven by an Amsler variable 
stroke hydraulic pulsator at frequency of 260 or 520 cycles per minute. 
The loading cycles were sinusoidal. All testing was made at room tempera-
ture, between 15° C and 27° C (60° F and 80° F). 
The relative deflection between the end of the stiffener and the 
beam flange was measured with two gages. The deflections were monitored 
with a calibrated oscilloscope. To minimize the out-of-plane deflection 
of the flange it was supported with a wooden stiffener (see Fig. 32). 
After cracks were formed in the web gap, holes were drilled with 
a diameter of 13 mm (0.5 in.) through the web at the crack tip to arrest 
its growth (Fig. 7). The holes were drilled using a magnetic base drill. 
The beams were subsequently tested under normal bending conditions to 
assess the suitability of drilling holes at these crack tips. This simu-
lated the actual field condition where cracks have often developed from 
handling and shipping. 
-8-
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2. FINDINGS 
The findings of the three tasks carried out on this project are 
summarized in this chapter. They include the field studies and observa-
tions on inspection and retrofitting, the results of constant amplitude 
fatigue tests on full-size beams, and the results of out-of-plane displace-
ments in web gaps at the end of transverse stiffener plates. A detailed 
evaluation of the data acquired on these three items is given in Chapter 3. 
2.1 Field Inspection of Cover Plate Ends in East and Westbound 
Span 10 - Yellow Mill Pond 
In June 1976, forty cover plate details in the east- and west-
bound bridges of span No. 10 at Yellow Mill Pond were inspected for fa-
tigue cracking using visual, magnetic particule, dye penetrant, and ultra-
sonic procedures prior to retrofitting these girders. Twenty-two of these 
details were found to be cracked by visual inspection. The crack length 
varied from 6.4 mm (0.25 in.) up to about 300 mm (12 in.). Fifteen of 
these cracks had propagated deep enough to be detected by ultrasonic 
inspection. 
Three additional small cracks were detected in the eastbound 
structure at the secondary cover plate ends in September 1977. 
To inspect for cracks it was first necessary to blast clean and 
remove paint, dirt, and oxide that had accumulated in the weld toe region. 
The visual (lOX magnification), magnetic particle, and dye penetrant in-
spection provided data regarding the length of the surface cracks. The 
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magnetic particle inspection was discontinued after examining several 
cover plates, due to difficulty in working with the probe in the overhead 
position. 
The ultrasonic inspection provided data regarding both the 
length and depth of cracks. Cracks at the weld toe smaller than approxi-
mately 2.5 mm (0.1 in.) deep could not be reliably detected by the ultra-
sonic probe. The deepest crack depth indications of 13 mm (0.5 in.) were 
found at the west end of the eastbound bridge of span No. 10 in Beams 3 
and 7 (see Fig. 8). Comparisons of estimated crack depths from ultrasonic 
inspection and actual measured crack depths after a fracture surface was 
exposed indicate that deviations of 1.6 mm (0.063 in.) are possible. 
Figure 8 shows the approximate location of the details that were inspected 
in span No. 10 and summarizes the findings, Figure 9 shows typical cracks 
that were detected at the cover plate termination. 
2.2 Retrofitting Fatigue Damaged Cover-Plated Bridge Members 
Twenty-five of the cover plate details in span No. 10 were re-
paired after being inspected; 14 were peened and 11 were gas tungsten arc 
remelted. Figure 10 shows the type of repair made at each cover plate weld 
toe. Figures 11 and 12 show photographs of typical cover plate end weld 
toes after being treated at the Yellow Mill Pond Bridge. All retrofitting 
was carried out under normal service conditions without any disruption to 
the flow of the traffic. Small changes in arc length due to vibration of 
the bridge had no effect on the gas tungsten arc remelt. 
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Peening was performed with a small pneumatic hammer operated at 
0.17 N/mm2 (25 psi) air pressure. The end of the peening tool was shaped 
with a 19 mm (0.75 in.) radius about one axis and a 3 mm (0.125 in.) 
radius about the other axis (see Fig. 13). All sharp edges of the peening 
tool were ground smooth prior to peening. Several minutes were required to 
peen the weld toe. Peening was continued until the weld toe became smooth. 
The depth of indentation due to peening was approximately 0.8 mm (0.03 in.). 
All retrofit GTA - remelt welds on span No. 10 were performed in 
the overhead position. The areas to be welded were first sandblasted to 
remove any mill scale that might cause undercutting. A shielding gas of 
helium and argon mixture and a cathode vertex angle between 30 and 60 
degrees were used as the mixture provided about the same penetration as 
helium alone. Travel speed was approximately 1.3 mm/sec. (3 in./min.). 
The retrofit weld was started on the longitudinal weld toe and continued 
along the transverse weld toe. 
The weld finally terminated at the oppostie longitudinal weld 
toe. Intermediate terminations were made at approximately 100 mm (4 in.) 
intervals because of the duty cycle of the portable welding unit. Each of 
these terminations was carried up the weld face to prevent cratering at 
the weld toe. 
Experience in the laboratory and field demonstrated that a few 
hours training was all that was required to achieve the desired retrofit 
condition. Peening required the least training. The gas tungsten arc 
remelt required more attention in order to insure an adequate depth of 
penetration. The penetration must be verified by metallographic examina-
tion of a test plate. 
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2.3 Fatigue Strength of Full Size Cover-Plated Beams 
1. The test data for untreated cover plate details on beams with 
flange thickness greater than 32 mm (1.25 in.) yielded a fatigue 
strength less than Category E. This has resulted in defining a 
new lower bound fatigue Category E'. 
2. A lower bound fatigue resistance relationship was constructed 
based on the test data and estimates from a mathematical model. 
The fatigue strength at 100,000 cycles was 110.3 MPa (16 ksi) 
and for more than 2 million cycles 17.9 MPa (2.6 ksi). 
3. Peening or gas tungsten arc remelting of fatigue cracks which had 
a length on the beam surface between 25 mm (1 in.) and 50 mm 
(2 in.) was observed to reliably improve the fatigue resistance 
of these full size members. 
4. For details with very small or no visible crack, the peening 
procedure appears to provide a reliable and economical means of 
retrofitting fatigue damage in steel beams with yield points up 
to 450 MPa (65 ksi). 
5. For details with slightly larger cracks (a length between about 
50 mm (2 in.) and 75 mm (3 in.) and an estimated depth between 
3 mm (0.125 in.) and 5 mm (0.188 in.), the gas tungsten arc 
remelt process was the preferred retrofit technique. It is essen-
tial that an adequate amount of penetration is achieved. 
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I 6. When the crack size is too large to effectively retrofit by 
I either peening or gas tungsten arc remelting, it will generally --------~---~ be necessary to splice the flange with a bolted joint. The web 
- -------~ -----::..--· -----~-·--- ,_ --------
I should be slotted directly above the flange crack to prevent the 
crack from eventually moving into the beam web. 
I 
I 2.4 Out-of-Plane Displacements in Web Gaps 
1. Gap lengths equal to 1.25, 2.5, 5, 10 and 20 times the web 
I thickness were examined for out-of-plane deflections between 
I 0.013 mm and 2.5 mm (0.005 in. and 0.1 in.). 
I 
2. The experimental data show that increasing the gap by a factor 
of two results in an order of magnitude increase in cyclic life 
I for gaps equal or greater than five times the web thickness. 
I 3. Increasing the web gap does not increase resistance to fatigue cracking in proportion to the inverse ratio of the gap length 
I squared at as fast a rate as implied by bending theory. 
I 4. Small gaps less than five times the web thickness yield very 
erratic resistance to cyclic deformation. 
I 5. The test results suggest that careful consideration should be 
I given to details that will result in out-of-plane movement in 
gap regions. 
I 
I 
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2.5 Retrofitting Web Gap Cracks by Drilling Holes 
1. Tests on five girders demonstrated that holes drilled at the ends 
of cracks formed in the web at the ends of transverse welded 
plates were effective in preventing further crack growth under 
normal bending moments. 
2. The cyclic stress range at the level of the holes varied between 
42.1 MPa (6.1 ksi) and 96.5 MPa (14 ksi). Between 0.97 x 106 and 
5.25 x 106 cycles of stress were applied with no detectable crack 
growth at the holes. Failure of the beam sometimes occurred from 
the web-flange weld where embedded flaws existed. 
3. The cracks that formed in the web-to-flange welds yielded fatigue 
lives compatible with Category B as expected. 
2.6 Application 
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1. The improvement provided by peening or gas tungsten arc remelting II 
the toe of welds can be relied upon for retrofitting fatigue 
damaged full-size welded details. 
2. Peening can be economically applied to existing structures with 
the dead load in place. It was possible to retrofit fatigue 
cracks up to 3 mm (0.125 in.) deep and 50 mm (2 in.) long by 
peening the crack. The studies on peened details showed that 
the peening operation should be carried out with the dead load 
in place, so that the beneficial compressive residual stresses 
would not be significantly reduced (l). Thus if cover-plated 
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details in the negative moment region of continuous beams are to 
be retrofitted when the concrete slab is being replaced, the 
operations should be carried out after the slab has been cast in 
the positive moment regions. 
3. A new fatigue Category E' which is applicable to cover-plated 
beams with flange thickness greater than 20 mm (0.8 in.) is 
appropriate. 
4. Out-of-plane cyclic displacements in web gap regions which exceed 
0.025 mm (0.001 in.) with gap length equal to five times the web 
thickness are susceptible to fatigue cracking. A cyclic deflec-
tion which exceeds 0 •. 25 mm (0.01 in.) results in fatigue cracking 
at gaps equal to ten times the web thickness. Very erratic and 
unpredictable fatigue resistance exists at gaps less than five 
times the web thicknesses. Typical regions where such informa-
tion can be applied are the ends of transverse connection plates 
where out-of-plane movement can occur as a result of floor beam 
end rotation and/or relative end movement. At points where the 
flange is restrained, it will likely be necessary to connect the 
transverse connection plate to both flanges. 
5. Cracks that develop at the ends of transverse stiffeners from 
handling or shipping can be retrofitted by drilling holes at 
the crack tips. It is suggested that 19 mm (0.75 in.) holes be 
drilled on each side of the transverse connection plate with the 
edge of the holes placed at the apparent crack tips. 
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6. When the crack size is too large to effectively retofit by either 
peening or gas tungsten arc remelting, it will generally be 
necessary to splice the flange with a bolted joint. The web 
should be slotted directly above the crack in order to prevent 
the fatigue crack from eventually moving into the web. 
7. Small fatigue cracks {i.e. 6 mm (0.25 in.) to 13 mm (0.5 in.) 
long} at weld toes can be detected in the field with visual (lOX 
magnification) inspection if the weld toe is first blast cleaned 
to remove paint, dirt and oxides. Cracks that are several inches 
long can be expected to break the paint film and form oxides that 
are visually apparent and readily detected. 
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3. RESULTS AND EVALUATION OF EXPERIMENTAL DATA 
The results of the experimental and theoretical laboratory and 
field work are summarized in this chapter. The details of the field 
inspection and retrofitting of the Yellow Mill Pond Span 10 structures are 
provided and reviewed. The fatigue behavior of full size cover-plated 
beams is defined from the tests reported herein and earlier pilot studies. 
The lower bound estimates from a mathematical model are compared with the 
experimental data and is also used to define the fatigue design relation-
ship. The results of constant amplitude cyclic out-of-plane displacements 
are summarized in terms of cyclic life and gap length. 
3.1 Inspection for Fatigue Damage in Two Cover-Plated Beam Spans 
In October-November 1970, during cleaning and repainting of the 
Yellow Mill Pond Bridge, one of the cover-plated beams on the eastbound 
bridge on span 11 was found to have a large crack Ci). The crack had 
developed at the west end of the primary cover plate on Beam 4. It had 
grown from the toe of the cover plate transverse fillet weld into the 
tension flange and up 400 mm (16 in.) into the web. Fortunately, span 11 
was a land span. Cribbing to support the damaged beam was installed and 
no interruption to highway traffic ensued. 
A visual inspection (lOX magnification) showed that Beams 3 and 
5 in span 11 of the eastbound roadway which were adjacent to the casualty 
girder had cracks along the cover plate end. These cracks were subse-
quently verified by ultrasonic testing and a depth of penetration equal to 
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16 mm (0.625 in.) was measured. They were about half the flange thickness 
in depth and were found to have a semielliptical shape. An indication of 
possible fatigue cracking was also observed at five other details on 
span 10 and two on span 11. No ultrasonic confirmation could be obtained 
at the other possible crack locations. 
In December 1970, after a detailed inspection, a section of the 
fractured girder was removed and all three damaged girders were subse-
quently repaired with bolted web and flange splices. The section of the 
fractured girder was taken to Lehigh University for the purpose of investi-
gating the fracture surface and determining the material characterization. 
In November 1973, the east end of Beams 2 and 3 in the eastbound 
roadway of span 10 were inspected again by J. W. Fisher for fatigue damage. 
This was the first inspection at Beam 2. An indication of possible crack-
ing was observed at Beam 3 in 1970. Cracks were detected visually in 
both girders at the toe of the primary cover plate transverse weld. A 
m~gnetic crack definer (15) indicated that the crack in Beam 2 was approxi-
mately 10 mm (0.375 in.) deep at one point. The magnetic crack definer 
could not verify the presence of a crack in Beam 3. 
In June 1976, forty cover plate details in the east and west-
bound span 10 bridges were inspected for fatigue cracking using visual, 
magnetic particle, dye penetrant, and ultrasonic procedures prior to retro-
fitting these girders during Phase I of NCHRP Project 12-15(2). Twenty-
two of these details were found to be cracked by visual inspection. The 
smallest visusal crack indication was 6.4 mm (0.25 in.) long. Fifteen of 
these cracks had propagated deep enough to be detected by ultrasonic 
inspection. 
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To inspect for cracks it was first necessary to blast clean and 
remove paint, dirt and oxide which had accumulated in the weld toe region. 
The visual (lOX magnification), magnetic particle and dye penetrant inspec-
tion provided data regarding the length of surface cracks. The magnetic 
particle·inspection was discontinued after examining several cover plates 
due to difficulty in working with the probe in the overhead position. 
The ultrasonic inspection provided data regarding both the 
length and depth of cracks. Cracks at the weld toe smaller than approxi-
mately 2.5 mm (0.1 in.) deep could not be reliably detected by the ultra-
sonic probe. The deepest crack depth indications of 13 mm (0.5 in.) were 
found at the west end of the eastbound span 10 bridge in Beams 3 and 7. 
Comparisons of estimated crack depths from ultrasonic inspection and 
actual measured crack depths after a fracture surface was exposed indicate 
that deviations of 1.6 mm (±0.063 in.) are possible. 
Figure 8 shows the approximate location of the details which 
were inspected in span 10 and summarizes the findings. Two cover plates 
were welded on most beams. The longer cover plate is called primary, the 
outside cover plate is called'secondary. Cracks formed at the weld toe 
at both cover-plated ends. The crack lengths are given in Tables 1 and 2. 
Nine details in span 11 were also visually inspected. Indications of 
cracking were found at seven details. Very large cracks (full cover plate 
width) were observed at the east end of Beam 5 of the eastbound bridge 
and Beam 4 of the westbound bridge - span 11. 
In November 1976, a brief inspection was made by J. W. Fisher at 
span 13. Four large cracks were detected without removing the paint. 
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These cracks were first observed with field glasses from the ground. It I 
is believed that these cracks must be approximately 150 to 250 mm (6 to I 10 in.) long and about 13 mm (0.5 in.) deep for the crack to break the 
paint film at the weld toe. This condition is probably also related to I 
the ambient temperature. Decreasing temperatures cause a more brittle 
paint coat and increase the likelihood of the paint to crack. I 
3.2 Retrofitting Fatigue Damaged Details I 
3.2.1 Repair Methods I 
Peening and gas tungsten arc remelting procedures were used to I 
retrofit the cover-plated beams in span 10 of the Yellow Mill Pond Bridge 
which were found to have fatigue damage. I 
Grinding of the weld toe to reduce the size of the initial dis- I 
continuities and severity of the stress concentration had shown little or 
no improvement of fatigue strength of fatigue damaged members (l,l). Hence II 
no attempt was made to employ this procedure at Yellow Mill Pond. 
Peening of the weld toe introduces compressive residual stresses. 
The weld toe was mechanically air-hammer peened until it was plastically 
deformed. Peening was performed with a small pneumatic air hammer oper-
ated at 0.17 N/mm2 (25 psi) air pressure. The end of the peening tool had 
a 19 mm (0.75 in.) radius about one axis and a 3 mm (0.125 in.) radius 
about a second axis. All sharp edges were ground smooth. Several minutes 
were required to peen the weld toe. 
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The gas tungsten arc process (GTA) tends to remove the nonmetal-
lic intrusions at the weld toe and reduces the magnitude of the stress 
concentration by smoothing the weld termination. The tungsten electrode, 
shielded with inert gas, was manually moved along the toe of the fillet 
weld. This melted a small amount of the fillet weld and base metal. Pro-
vided that the cracks are not too deep, the metal around the cracks can be 
sufficiently melted that after solidification the cracks will have been 
removed. 
The welding equipment used was a 200 amp DC power source with 
drooping V-I characteristics. A high frequency source was used to start 
the arc. The electrode was 4.0 mm (0.156 in.) in diameter with a 4.8 mm 
(0.188 in.) stick out. The composition of the electrode was 2 percent 
thoriated tungsten. The shielding gas was 50% argon 50% helium. A Linde 
HW-18 water cooled torch was used. The entire welding unit was mounted on 
a Bernard portable carriage which also contained the water supply and a 
recirculating pump to cool the torch. A sketch of the equipment is shown 
in Fig. 12. The portable carriage was mounted on the rear of a truck with 
the portable gasoline power supply. A 15 m (SO ft.) line from the welding 
unit to the torch permitted the welder access to the girder. 
3.2.2 Retrofitting East and Westbound Span 10 
Twenty-five of the cover plate details in span 10 were repaired 
after being inspected. Fourteen were ·peened and eleven were gas tungsten 
arc remelted. Figure 9 summarizes the type of repair which was made at 
each cover plate weld toe. All retrofitting was carried out under normal 
traffic with the dead load in place. 
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Peening was continued until the weld toe became smooth. A I 
peened weld toe at Yellow Mill Pond is shown in Fig. 10. The depth of 
indentation due to peening was approximately 0.8 mm (0.03 in.). I 
All retrofit welds on span 10 were performed in the overhead I 
position. The areas to be welded were sandblasted to remove the mill 
scale that promotes undercutting. A helium and argon mixture shielding I 
gas and a cathode vertex angle between 30 and 60 degrees were used as the 
mixture provided about the same penetration as helium alone. Travel speed I 
was approximately 1.·3 mm/sec. (3 in./min.). The retrofit weld was started I 
on the longitudinal weld toe and continued along the transverse weld toe. 
The weld finally terminated at the opposite longitudinal weld toe. Inter- I 
mediate terminations were made at approximately 100 mm (4 in.) intervals 
because of the duty cycle of the portable welding unit. Each of these I 
terminations were carried up to the weld face to prevent cratering at the I 
weld toe. Figure 12 shows a transverse fillet weld after the gas tungsten 
arc retrofit. I 
Seven of the remelted details which had cracks detectable by I 
ultrasonic examination were reinspected after the repairs were completed. 
The east primary details on Beams 2 and 4 (eastbound bridge) both produced I 
a spot indication at a depth of 3 mm (0.125 in.). The ultrasonic examina-
tion of the west primary details on Beams 3 and 7 which had cracks about I 
13 mm (0.5 in.) deep, (eastbound bridge) indicated a large embedded crack 
which was expected. The remelt at these details did not change the crack 
depth. These cracks were purposely treated without gouging and rewelding 
by conventional means in order to evaluate the effectiveness of the treated I 
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detail. Such large cracks cannot be removed by gas tungsten arc remelting. 
However, it was desirable to ascertain the length of time required for the 
crack to penetrate back through the weldment so that it can be compared 
with theoretical estimates of life extension. The depth of remelt pene-
tration was approximately 6 mm (0.25 in.) (see Fig. 15). No crack indica-
tions were found at the west primary detail of Beam 2 (eastbound bridge) 
or at the east primary and secondary details of Beam 3 (westbound bridge). 
3.2.3 Residual Fatigue Life After Retrofitting 
Since the field repair of the Yellow Mill Pond Bridge members 
was only recently completed, the effectiveness of this repair must be 
judged on the basis of available laboratory studies on similar members. 
Fortunately both experimental data and analytical techniques exist to 
make this assessment. 
Peening was most effective in the laboratory when the initial 
cracks were very small. For this reason, peening was selected for retro-
fitting all beams where ultrasonic inspection was unable to confirm a 
visual indication of cracking or where neither inspection technique 
detected cracking. All cracks greater than 3 mm (0.125 in.) deep were 
gas tungsten arc remelted including the two very large cracks which were 
13 mm deep. These were only treated to evaluate such large cracked 
details and was not considered a permanent retrofit. 
No cracks were indicated by ultrasonic inspection at ten of the 
cover plate ends which were peened in span 10. Four cover plates which 
were peened had a maximum depth indication of approximately 3 mm 
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(0.125 in.). Therefore, the effectiveness of peening at Yellow Mill Pond 
should be comparable to the results plotted in Fig. 24. 
The laboratory studies on small size fatigue damaged details 
that were retrofitted by peening indicated a greater tendency for improve-
ment at the lowest level of stress range tested {82.7 MPa (12 ksi)} (1). 
The details yielded fatigue lives up to 107 cycles. Since the stress 
range experienced at Yellow Mill Pond seldom exceeds 41.4 MPa (6 ksi), 
this procedure should be even more successful in prolonging life. The 
lower level of applied stress range will make the peened detail more 
effective because the induced compressive residual stresses at the crack 
tip are not likely to be overcome. As a result the details should be sub-
jected to cyclic stresses that are well below the effective crack growth 
threshold. Since no test data are currently available at low levels of 
stress range this presumed behavior is a reasonable hypothesis. 
The increased fatigue strength developed by the retrofitted (gas 
tungsten arc remelted) precracked beams also suggested that substantial 
increases in fatigue strength could be expected at the lower stress ranges 
to which the Yellow Mill Pond Bridge beams were subjected. The crack 
growth threshold of Category D appears to be about 58.4 MPa (7 ksi), which 
is substantially above the stress ranges experienced at Yellow Mill Pond 
(see Fig. 16). Hence, retrofitting by the gas tungsten arc remelt proce-
dure should eliminate the possibility of subsequent cracking. 
The probability of a root failure occurring is dependent on the 
relative size of the weld with respect to the thickness of the cover plate. 
As the ratio between weld throat width and cover plate thickness increases, 
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the probability of root failure decreases. For the Wl4X30 cover-plated 
beams the ratio of throat width to cover plate thickness is 0.31. This 
ratio at the primary and secondary cover plate details of the interior 
beams (W36X230) at ~ellow Mill Pond is 0.25 and 0.32, respectively. 
Therefore, comparable results should result at Yellow Mill Pond. The 
scatter in the fatigue lives of remelted details is due primarily to the 
effectiveness of melting the material surrounding the fatigue cracks. The 
maximum crack depth removed in the remelting test beams was approximately 
3.8 mm (0.15 in.). Ultrasonic inspection of the large fatigue cracks at 
the west end of Beams 3 and 7 (eastbound roadway) after remelting indicate 
that the depth of penetration was approximately 6 mm (0.25 in.). A sample 
plate was cleaned and gas tungsten arc remelted at the Yellow Mill Pond 
Bridge site. The specimen was later sectioned, polished and etched. The 
depth of penetration was measured between 3.5 mm (0.14 in.) and 5.8 mm 
(0.23 in.). 
After the remelt retrofit was completed, the details that had 
provided indications of cracking were ultrasonically inspected. No indi-
cations of residual cracks were found at the primary or secondary details 
of Beam 3 (east end, westbound roadway) and at the primary detail of 
Beam 2 (west end, eastbound roadway). This indicated that the gas tung-
sten arc remelt procedure had effectively eliminated the small fatigue 
cracks that were detected at those details. 
The increased fatigue life as a result of peening or remelting 
should increase the crack growth threshold stress range, ~oTH' If the 
peening operation is capable of embedding the crack initiaion sites in a 
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compressive residual stress field a significant increase in the threshold 
stress range will be observed. The gas tungsten arc remelt procedure 
reduces the stress concentration by smoothing the transition at the weld 
toe and also minimizes the embedded discontinuities and fatigue cracks. 
Therefore, ~crTH will also be increased. 
The shape of the large embedded cracks at the west primary detail 
of Beam 3 (eastbound bridge) and at the west detail of Beam 7 (eastbound 
bridge) are shown in Fig. 15. The stress intensity model for these embed-
ded cracks is shown in Fig. 17. This approximate model combines the solu-
tion for an eccentric crack (16) with the stress gradient correction 
factor, FG (11). 
FG = ----~SC;;:.;F'---..,--~~ 0.4343 
1 + o .1~ 7 3 ( T: ) 
(1) 
The stress intensity factors KIA and KIB' at locations A and B are (16) 
FA [ TF ] r -a SCF] KIA cr& a e F 1 (2) = - e ' 12 TF 12 G TF 
KIB cr& FB [TF a T/12] FG [b1 +a scF] (3) = 12 - e ' TF 
The functions FA and FB are shown in graphical form on page 11.2 
of Ref. 16. 
-9 Utilizing this model and the crack growth rate da/dN = 3.8 x 10 
~3 (~Kin units of MPa;;m,.da/dN in units of mm/cycle), the number of 
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cycles necessary for the crack to propagate through the retrofit weld 
toward the weld toe was estimated. It was assumed that when the embedded 
crack penetrated the exterior flange face it would quickly become an ellip-
tical surface crack with the major semidiameter axis being defined by the 
crack shape ratio prior to retrofitting. 
For this study the retrofit weld penetration was assumed to be 
5 mm (0.188 in.). The estimated number of cycles necessary to propagate 
the embedded cracks through the retrofit weld at a stress range of 13.1 MPa 
(1.9 ksi) for Beams 3 and 7 were 7.0 million and 6.7 million cycles, 
respectively. The elliptical surface cracks for both beams were approxi-
mately 13 mm (0.5 in.) deep at the beginning of the final stage of crack 
growth. An additional 1.0 million and 2.7 million cycles would be neces-
sary for the cracks to grow through the flange thickness for Beams 3 and 7, 
respectively. 
The stress intensity model for the growth of embedded cracks 
probably overestimates the fatigue life since it does not account for 
crack growth which is occurring simultaneously from the weld toe. Never-
theless, substantial improvement in fatigue strength can be expected, even 
if the entire crack has not been completely remelted, if the crack initi-
ation sites along the weld toe have been effectively reduced. 
Ultrasonic inspection of the primary detail of Beam 2 (east end, 
eastbound roadway) and the secondary detail of Beam 3 (east end, eastbound 
roadway) produced a spot indication at a depth of 3 mm (0.125 in.). These 
embedded discontinuities may be below the crack growth threshold. Since 
their size and shape is nearly impossible to estimate~ an exact evaluation 
is not possible. 
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3.3 Fatigue Strength of Full Size Cover-Plated Beams 
The sixteen beams with cover plates tested during this study were 
W36X230 A36 or A588 steel rolled sections with 32 mm x 305 mm 
(1.25 in. x 12 in.) cover plates welded to each flange. Six additional 
beam test results were available from the earlier study (~). Two A36 steel 
W36X260 beams, two A588 steel W36X230 beams and two A514 steel welded 
built-up beams all with 25 mm x 305 mm (1 in. x 12 in.) cover plates. 
As reported in NCHRP Report 102 (L), cracks formed at the weld 
toe. Figure 18 shows typical small fatigue cracks {about 6 mm (0.25 in.) 
long} at the time they first became apparent. These cracks were observed 
to propagate through the flange thickness. A typical crack surface is 
shown in Fig. 19. 
The girders were tested at a minimum stress between 1.4 MPa 
(0.2 ksi) and 15.2 MPa (2.2 ksi). The stress range varied from 27.6 MPa 
(4 ksi) to 55.2 MPa (8 ksi). The test data for the untreated cover plate 
details are summarized in Fig. 20 for each grade of steel. 
The test data includes the sixteen girders tested during this 
study and the six girders tested earlier. The test data from both cover 
plate details are plotted. For the details that were retrofitted, the 
cycles at time of retrofitting are plotted. Although at least one of the 
A588 steel beams tended to provide the least life of each stress range 
level, there was not a significant difference between the fatigue resis-
tance of the various steels. Also shown in Fig. 20 is the Category E 
design line from the 1974 AASHTO Specification (12), which is based on the 
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95 percent confidence limits for 95 percent survival of earlier tests on 
smaller beams (l). 
The same test data are also plotted in Fig. 21 which differen-
tiates between the tests carried out in Ref. 9 and those tested during this 
study. All of the girders reported in Ref. 9 were tested at a stress range 
of 55.2 MPa (8 ksi). Both Figs. 20 and 21 illustrate that much of the test 
data provided less fatigue resistance than experienced with earlier test 
data (l). This was true at all levels of stress range. 
Extreme life tests on the smaller scale beams had demonstrated 
that 100 million constant amplitude cycles could be sustained without de-
tectable cracks at a stress range of 33.1 MPa (4.8 ksi) (10). The large 
size beams experienced failures at 27.6 MPa (4 ksi) stress range between 
13 and 66 million cycles. 
A lower bound fatigue resistance was constructed based on the 
test data and estimates from a mathematical model developed for cover-
plated beams (10,11). This was estimated by equating the stress intensity 
range taken as 
&.. = FE FS FW FG Sr /iTa (4) 
where FE = elliptical crack front correction 
= 1/E (k) 
Fs = 1.211 - 0.186~ (5) 
Fw = 1.0 
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where: z 
SCF 
0.4348 
1 + 6. 789 ( T:) 
SCF • -3.539 log (iF) + 1. 981 log (:c:) + 5. 798 
= weld leg size 
= cove~ plate thickness 
= flange thickness 
The crack shape was taken as (10) 
b = 5.462 1.133 a 
Earlier studies have suggested a maximum initial crack size of 0.8 mm 
(0.03 in.) and this was assumed to be the probable lower bound condi-
tion Cl.~). This yielded a threshold fatigue stress range of 17.9 MPa 
(2.6 ksi). 
(6) 
(7) 
(8) 
The lower bound of the sloping portion of the S-N curve is given 
by Eq. 9 and is 
log N = 8. 61 - 3. 0 log S 
r 
(9) 
Detailed documentation of the test data is provided in Table 3. 
3.4 Fatigue Resistance of Retrofitted Fatigue Damaged Details 
One of the two details (one on each end) on each beam was usually 
retrofitted after cracks were detected and had grown to a length of 25 mm 
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(1 in.) to 75 mm (3 in.). The crack depth was estimated to be less than 
6 mm (0.25 in.) for the large cracks prior to retrofitting. Both peening 
and gas tungsten arc remelting were used to treat the cracked details. 
Only the gas tungsten arc remelt process was used on larger cracks. 
Beam B4 had a 115 mm (4.5 in.) long and 10 mm (0.39 in.) deep crack. This 
crack size was too big for a successful retrofit. 
Tables 4, 5 and 6 summarize the test data for the retrofitted 
details. Cracks were first detected between 30% and 100% of the cycles at 
which the detail was retrofitted. The size of the cracks that existed 
along the weld toe are provided at the time of retrofit. Figures 22 and 
23 show typical retrofitted details. 
The results of the tests are plotted in Fig. 24. Because of 
time limitations, all but one of the retrofitted beams were tested at 
either the 41.4 MPa (6 ksi) or 55.2 MPa (8 ksi) stress range. The results 
indicated that both procedures could be used to successfully extend the 
fatigue life and prevent further crack growth. The tests on full size 
beams, thus were comparable to the earlier studies on smaller scale beams 
where similar results were obtained. 
3.4.1 Fatigue Behavior of Fatigue Damaged Details Retrofitted 
by Gas Tungsten Arc Remelting 
Five details that experienced fatigue cracking were retrofitted 
by remelting the fatigue crack out by the gas tungsten arc remelt procedure. 
The results of these tests are given in Tables 4 and 6 and summarized in 
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Fig. 24. The details were subjected to nominal bending stress range of 
41.4 MPa (6 ksi) and 55.2 MPa (8 ksi). 
Figure 25 shows a longitudinal section through the flange, cover 
plate and transverse end weld of Beam B2 which shows the remelted areas 
and heat affected zones. 
All retrofitted details except the east end of Beam B4 performed 
well and satisfactorily extended the fatigue resistance. The crack in 
Beam B4 was 115 mm (4.5 in.) long at the time of the GTA remelt (see 
Table 4). It was soon apparent that this crack was too deep to success-
fully retrofit. After failure of the detail the crack surface was exam-
ined and this indicated that the original crack tip extended into the 
flange about 10 mm (0.375 in.). This exceeded the remelt zone and pro-
vided an unfused embedded crack which quickly propagated through the fused 
ligament. 
Beam Bll had detectable cracks after 0.65 million cycles of 
55.2 MPa (8 ksi) stress range. After 1.68 million cycles these cracks 
had grown and three distinct cracks were observed along the weld toe (see 
Table 4). The retrofitted detail was subjected to 2.6 million additional 
cycles of loading before testing was discontinued. At that time cracks 
were forming at the remelted toe and at the weld root as can be seen in 
Fig. 26. The crack at the weld toe propagated into the flange at about a 
25° angle as can be seen in Fig. 27. It had a semielliptical shape as the 
exposed surfaces show in Fig. 28. 
In the other four girders no detectable growth was observed 
after testing was discontinued. Beam B2 had 23.71 million additional 
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stress cycles at a stress range of 41.4 MPa (6.0 ksi), Bl2 had 1.29 
million cycles at a stress range of 55.2 MPa (8.0 ksi), Bl3 had 2.90 
million cycles at 55.2 MPa (8.0 ksi) and Bl6 had 11.90 million cycles at 
a stress range of 41.4 MPa (6 ksi) without cracks being observed at the 
retrofitted cover-plated end. 
3.4.2 Fatigue Behavior of Fatigue Damaged Details 
Retrofitted by Peening 
Seven details were retrofitted by peening. Figure 22 shows a 
typical peened weld toe. Only one detail experienced significant crack 
growth in the peened region (see Beam B9- Table 3). The results given 
in Table 5 and summarized in Fig. 24 demonstrate that significant 
increases in fatigue resistance were achieved by peening. Several details 
experienced root cracking as is illustrated in Fig. 29. 
The beam experiencing crack growth in the peened region (B9) had 
a 75 mm (3 in.) crack along the toe at the time the detail was peened. 
Although Beam B8 had about the same crack size at retrofit, it was sub-
jected to a lower stress range {41.4 MPa vs. 55.2 MPa (6 ksi vs. 8 ksi)}. 
Apparently the slight increase in stress range was sufficient to overcome 
the beneficial effect of peening. Figure 30 shows the crack that developed 
in the peened region of Beam B9. A longitudinal section has been passed 
through the beam flange and the transverse weld. Figure 31 shows the 
macro-etched edge of the cut section and the crack that extends into the 
girder flange. The deformation of the grain structure is apparent near 
the top surface of the plate. 
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Several beams experienced root cracking as was illustrated in 
Fig. 29. The fatigue crack that had existed at the weld toe was prevented 
from further crack propagation by the peening. Several peened details 
were sliced into sections as shown in Fig. 29. The root crack which had 
propagated through the transverse end weld is also apparent in Fig. 29. 
Figure 30 shows one of the longitudinal sections near the web which has 
been polished and etched. The original of the root crack is readily 
apparent. In this girder (B4) failure developed from a compression 
flange joint and it was necessary to discontinue ~esting before the trans-
verse end weld crack propagated through the beam flange. 
3.4.3 Fatigue Behavior of Extended Cover Plates 
To permit continued testing of several girders, the fatigue 
crack at a failed end was removed to allow further study and the flange 
repaired by a groove weld. A reinforcement cover plate was then connected 
to the existing cover plate and the beam flange as illustrated in Fig. 5. 
The cover plate extension decreased the stress range at the splice to 
19.3 MPa (2.8 ksi) or 26.2 MPa (3.8 ksi) as shown in Table 7. 
All of these cover plate extensions performed satisfactorily. 
No detectable fatigue crack growth was observed at any of the reinforced 
joints. 
Beam Bl2 was repaired by only cutting out the cracked region of 
the flange. This gap was filled with weld metal and no extension of the 
cover plate was made. About 1 million cycles were subsequently applied 
with no detectable cracking. Testing was discontinued when the east cover 
plate end failed. 
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3.5 Fatigue Resistance of Web Gaps Subjected to Out-of-Plane Displacements 
Since negligible forces were required to displace the web out-of-
plane at the end of the transverse plate, the primary control variable was 
the magnitude of the out-of-plane movement. The out-of-plane displacement 
caused web bending stresses which are most severe in the short gap region 
between the end of the transverse stiffener and the web-to-flange weld. 
At very short gap lengths the behavior of the gap is difficult 
to predict because simple beam theory is not applicable as high shear and 
bending stresses are developed. With short gaps the shear mode tends to 
be more predominant. 
The five welded girders used for this study had gap lengths at 
the end of the transverse stiffeners that varied from 1.25 to 20 times the 
web thickness. These locations were displaced out-of-plane by a small 
jack as shown schematically in Fig. 32. 
Each beam contained nine or ten details so that between forty 
and fifty bits of test data could be acquired. The results of the web gap 
displacement tests are tabulated in Table 8 and summarized in Fig. 33. 
Typically the out-of-plane displacement caused cracks to develop 
at the end of the transverse stiffener. Figure 34 shows typical cracks 
that formed at the end of the stiffeners. These cracks propagated into 
the weld at the stiffener end and into the web, or into the web at the 
weld toe. Figure 35 shows an exposed crack surface that extends about 
halfway through the girder web. 
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As the test data in Fig. 33 demonstrate, very erratic behavior 
was observed when the web gap was less than five times the web thickness. 
This indicated that the mode of behavior (flexure vs. shear), discontinu-
ities, and weld reinforcement all contributed to significant variability. 
As the web gap increased, the behavior of the gap was more compatible with 
flexural response. This permitted the expected displacement-cycle life 
relationships which are plotted in Fig. 33 to develop. All lines in 
Fig. 33 were constructed at a slope n = -3 which is compatible with the 
results of crack growth studies and other welded details. 
Testing was discontinued when the detail had experienced between 
10 and 20 million cycles without detectable cracks. As can be seen in 
Fig. 33 this suggested that no fatigue damage would occur at a gap length 
of 5 t if the displacement did not exceed 0.018 mm (0.0007 in.). The 
w 
corresponding values for gap lengths of 10 t and 20 t were 0.08 mm 
w w 
(0.003 in.) and 0.25 mm (0.01 in.), respectively. 
If the web bending stress in the gap is estimated considering a 
unit width web strip and no end rotation at the stiffener and flange, the 
moment from the gap displacement is 
M gap 
~ 
= 6 EI --2 g 
(9) 
where ~ is the out-of-plane displacement between the weld termination of 
the stiffener and the web-to-flange weld. g is the gap length and I is 
the moment of inertia of the unit web strip. 
The stress range at the weld toe in the gap region is 
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s 
r(gap) = 3 E t w 
b. 
2 g 
(10) 
For a given level of displacement, b., changes in the gap length g would be 
expected to change the cyclic stress range inversely proportional to the 
gap length squared. 
The li~e N expected from the average crack growth relationship 
can be estimated as 
da 3 
-=Cb.K dN 
N = 1 c 
af 
I da C S -3 b.K3 = r 
a. 
1. 
(11) 
(12) 
This suggests that changes in the gap length for a constant level of dis-
placement should result in cycle life equal to 
N - -3 c s = 
r 
(13) 
Considering the differences between the gap lengths, g, the ratio of life 
for a given level of deflection can be estimated for this condition as 
For gap lengths of g1 = 5 tw and g2 = 
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10 t , Eq. 14 results in 
w 
(14) 
(15) 
From the data shown in Fig. 33, the sensitivity of fatigue life 
to web gap length for a given deflection is smaller than one would expect 
from Eqs. 14 and 15 by a factor of nine or ten. Obviously, the analysis 
leading to these equations is overly simplistic. However, a pronounced 
tendency for fatigue life to decrease with web gap size is clearly present. 
The fatigue data acquired during this phase of study suggest 
that short web gaps should be avoided if any out-of-plane displacement is 
anticipated as a structure deforms under normal traffic. Large gaps can 
tolerate relatively large out-of-plane movement {i.e., 10 to 20 t can 
w 
accommodate 0.25 mm (0.01 in.)}. However, very small gaps (i.e. 1.25 and 
2.5 t ) can experience cracking at only 0.025 mm (0.001 in.) deformation. 
w 
3.6 Resistance of Retrofitted Fatigue Cracked Web Gaps 
After each transverse stiffener on a test girder was fatigue 
cracked by the out-of-plane movement in the web gap, holes were drilled at 
the crack tips as was illustrated in Fig. 7. As the examination of the 
web cracks shown in Figs. 34 and 35 indicate, the cracks were essentially 
lying in a plane that was mainly parallel to the bending stress field. 
After all stiffener ends were retrofitted by drilling holes, the 
girders were subsequently subjected to cyclic loading. The stress range 
at the stiffener ends with the drilled holes varied from 42.0 MPa (6.1 ksi) 
to 96.5 MPa (14 ksi). 
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Most cracked stiffener ends sustained cyclic loading until the 
test exceeded the lower confidence limit corresponding to Category D unless 
premature failure of the test girder from some other detail prevented ad-
ditional cyclic loading. Four details were subjected to· cyclic stresses 
that exceeded the lower confidence limits for Category C without any de-
tectable fatigue crack growth. No cracks were detected in the drilled 
holes perpendicular to the bending stress in the girder. Fortunately the 
cracks from out-of-plane movement are mainly parallel to the cyclic 
0 
stresses. Hence the drilled holes were very effective in preventing 
-------------------------------~~------------~----------
further cracking and provided a detail compa~ to the fatigue design 
condition. The retrofitted girders were subjected to between 0.97 million 
and 5.25 million cycles of loading (see Table 10). The girder which sus-
tained the fewest cycles had been previously subjected to 4.17 million 
cycles of 124.1 MPa (18 ksi) stress range at the web-to-flange connection. 
Although not detected after initial testing (see Ref. 9) a 15 mm (0.6 in.) 
radius penny-shaped fatigue crack existed at that time which only became 
apparent after failure. Only 0.97 million cycles of additional loading 
cycles were required to destroy the load-carrying capacity and crack the 
girder flange. 
Several of the girders were subject to between 0.97 million and 
5.25 million cycles without any detectable fatigue crack growth at the 
stiffeners or in the web-to-flange connection as is apparent from the 
test data summarized in Fig. 36 and Table 10. 
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3.7 Fatigue Strength of a Simulated Flange Penetration of Web 
On January 4, 1978, three of the steel box girder bents which 
support the Dan Ryan tracks were discovered to contain visible cracks (18). 
A typical bent consisted of a box girder that was intersected by four 
welded girders. The bottom flange of the stringer pierced the box but the 
web did not (19,20). Comparable details were known to exist on other 
bridges in the United States. Figure 37 shows the cross-section and weld 
detail of one such box which was fabricated as a steel pier cap. The 
relatively narrow width of the box had resulted in the use of 10 mm 
(0.375 in.) seal welds around the outside edges of the girder flange that 
pierced the box. 
In order to assess the fatigue resistance of this type of detail, 
several full size cover-plated beams which were being tested as Task 2 of 
this study had details inserted into their webs. The details were arbi-
trarily inserted at locations where the stress range at the tip of the in-
serted flange was about half the magnitude of the stress range at the end 
of the cover plate. Details were inserted into four girder webs. From 
two to four details were examined at nominal bending stress ranges between 
9.3 MPa and 30 MPa (1.35 ksi to 4.35 ksi). Figure 38 shows a photograph 
of a test girder with two web inserts and two open flame cut slots. 
The slots that contained the inserted steel plate were flame cut 
57 mm x 413 mm (2.25 in. x 16.25 in.). A 51 mm x 406 mm x 203 mm 
(2 in. x 16 in. x 8 in.) steel plate was inserted into the slot as shown 
in Fig. 39. A 13 mm (0.5 in.) fillet weld was used to attach the plate to 
one side of the girder web as shown in Fig. 39. No weld was placed on the 
other side of the web. This particular configuration was selected as it 
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represented a comparable detail in a structure in current use (see Fig. 37). 
The particular box girder had a relatively narrow width and it was not 
possible to weld the flange plate to each side of the girder web plates. 
It rapidly became apparent during the fatigue tests that the 
simulated flange penetration had less than half the fatigue resistance of 
the full size cover-plated beam. Cracks developed at all web details be-
fore any cracking was detected at the cover plate end. Figure 40 shows a 
fatigue crack which formed at the flange tip of a typical detail. It was 
necessary to retrofit these fatigue cracks by drilling holes in the girder 
web at the crack tip in order to continue testing the girder and determine 
the fatigue resistance of cover plate detail. Figure 39 shows a typical 
retrofitted detail. 
The results of the fatigue tests are summarized in Table 11 and 
Fig. 42. No apparent fatigue limit was observed for these details as all 
cracked. The test results tended to lie parallel to the fatigue resis-
tance of the full size cover-plated beam. It is readily apparent from the 
results plotted in Fig. 42 that stress ranges as low as 6.9 MPa (1 ksi) 
can be expected to develop fatigue cracks in relatively short periods of 
time. Studies on numerous highway bridges have indicated that such levels 
of stress range will occur in most bridges (1). 
Two slots were cut into a girder web and no flange plate was 
inserted. No special treatment was provided to the flame cut edges and 
sharp reentrant corners existed (see Fig. 43). As can be seen in Fig. 42 
the severity of the flame cut slot was either worse or at best equal to 
the welded detail. Such a condition was anticipated as the 57 rnm (2.25 in.) 
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high flame cut slot was equivalent to a 57 mm (2.25 in.) through the 
thickness crack. This suggested that the detail in question was at least 
as severe as a 57 mm (2.25 in.) web crack. The stress intensity range at 
such an initial crack is given by the relationship. 
(16) 
where S is the nominal stress range and a is the half crack width equal 
r 
to 29 mm (1.25 in.). With a crack growth threshold of 3 MPa ~ 
(2.75 ksi lin.), stress range of about 10.3 MPa (1.5 ksi) would result in 
crack propagation. 
The results obtained on these simulated bridge details suggest 
that bridge structures with comparable details will develop fatigue cracks. 
Their frequency of occurrence will depend on the volume of truck traffic 
using the structure. Those structures which are subjected to frequent 
passages of trucks should be inspected and retrofitted in the near future 
in order to prevent more significant cracking problems. 
A possible retrofit scheme is to shield the ends of the flange 
tips by cutting holes directly above and below the flange as illustrated 
in Fig. 44 and sawing between the holes to form a "dog bone." This 
reduces the residual stress field and also minimizes the possibility of 
further fatigue crack propagation at the crack tip. 
For future construction, it is recommended that the weld detail 
proposed in FHWA Notice N5140.13, dated April 24, 1978 be considered (~). 
This utilizes a slotted hole with no sharp or reentrant corners and no 
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welding to close the slot. This alternative solution for a flange that in- II 
tersects a web is given in Fig. 45. 
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4. RECOMMENDATIONS AND APPLICATION 
The findings from this study should be of value to structural 
engineers involved in the design of welded steel beams, researchers working 
in the subject area, and, perhaps most of all, members of specification 
writing bodies. The suggested revisions to the AASHTO Specifications for 
Highway Bridges included here warrant early consideration. Further, the 
suggested revisions can also be applied to other specifications, such as 
those of the American Institute of Steel Construction and the American 
Railway Engineering Association. The findings result from a meticulously 
designed and executed experimental effort verified by analyses of crack 
propagation and fracture mechanics and appear to warrant serious considera-
tion for immediate inclusion in design specifications. 
1. This study has shown that a new fatigue category, E', is appli-
cable to cover-plated beams with flange thickness greater than 
20 mm (0.8 in.). As welded cover-plated beams (W36X230 and 
W36X260) with 25 mm or 30 mm (1 in. or 1.25 in.) cover plates 
developed fatigue cracks well below Category E. A lower bound 
fatigue design condition (Category E') was developed utilizing 
the experimental data. 
Table 12 gives suggested allowable ranges of stress for the pro-
posed E' category. It is intended for application with redundant 
load-path structures. Table 13 describes the detail situation 
intended to be covered by Category E'. A comparison of fatigue 
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data on cover-plated beams with thinner flanges, shows that exist-
ing Category E is applicable for those conditions. 
2. The laboratory study has demonstrated that peening and gas tung-
sten arc remelt passes at fatigue damaged weld toe regions can be 
reliably used to retrofit full size cover-plated beams. The 
observations made on smaller size beams and reported in NCHRP 
Project 12-15(1) were found to be applicable to full size beams 
as well. They were found to be equally applicable to A36 and 
A588 steel members. Comparable improvements should be indepen-
dent of the type of steel. 
3. The peening procedure appears to provide a reliable and the most 
economical means of retrofitting fatigue damaged cover plate 
details that have very small cracks, i.e. crack length less than 
about SO mm (2 in.) and an estimated depth of less than 3 mm 
(0.125 in.) or no visible crack. 
4. For details with slightly large cracks {crack lengths between 
50 mm (2 in.) and 75 mm (3 in.) and up to 5 mm (0.188 in.) deep} 
the gas tungsten arc remelt process is preferred. This process 
requires greater operator skill and is also more difficult to 
carry out. It is essential that adequate amount of penetration 
is achieved. 
When the size of the crack is too large to effectively retrofit 
by either peening or gas tungsten arc remelting it will generally 
be necessary to splice the flange with a bolted joint.~ The web 
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should be slotted directly above the crack to prevent the crack 
from eventually propagating into the web. 
5. The improvement was limited in two cases by fatigue cracks that 
developed from the weld root. This limits the improvement to the 
next highest fatigue category. Higher improvements are not pos-
sible because crack growth from the weld root cannot be prevented. 
6. Field experience with the retrofit methods indicated that both 
could be carried out under field conditions without interruption 
to normal traffic. The peening method was most easily executed. 
7. Field inspection for fatigue damage showed that it was possible 
to detect small fatigue cracks by visual means (with 10 magnifi-
cation) provided the paint, dirt and oxide was removed by blast 
cleaning the weld toe region. The blast cleaning operation 
should not be carried out more than 24 hours before inspection 
or else oxide formation will become excessive. 
8. The results of the laboratory studies on full size beams and the 
field experience with the Yellow Mill Pond structures suggests 
that other comparable bridges will experience fatigue damage 
when subjected to high volumes of truck traffic (more than 
1500 ADTT, see .Ref. 10). 
9. Cyclic out-of-plane displacement of web gap regions provided 
fatigue life which increased as the gap length increased. The 
increase was not in proportion to the expected increase assuming 
-45-
stress range was inversely proportional to the square of the 
gap length. 
10. At a gap length equal to five times the web thickness, cyclic 
displacements greater than 0.018 mm (0.0007 in.) resulted in 
fatigue cracking. For a gap length of ten times the web thick-
ness this displacement increased to 0.08 mm (0.003 in.). 
11. Fatigue damage due to out-of-plane displacement can be retro-
fitted by drilling holes at the crack tip. Since the cracks lie 
in a plane parallel to the stress field, no adverse behavior 
resulted after the girders were subjected to cycles of bending 
stress. For the usual case, 19 mm (0.75 in.) holes placed with 
one edge at the crack tips will provide adequate resistance for 
details such as transverse stiffeners which have experienced 
cracking from handling or shipping. 
12. In instances where structural members intersect so that the 
flange of one pierces the web of the other in order to provide 
continuity through the intersection, welding around the flange 
to close the slot results in a welded detail with negligible 
fatigue resistance. Pilot tests indicated that the fatigue 
resistance was less than half that provided by full size cover-
plated beams. Fatigue cracking is highly probable in any bridge 
utilizing such connections. 
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5. CONCLUSIONS 
The conclusions in this chapter are based on the analysis and 
evaluation of the test data obtain during this study, on results from 
earlier work, and on theoretical studies based on the application of the 
fracture mechanics of fatigue crack growth. 
1. Cracks were observed to form at the ends of cover plates at all 
levels of stress range examined in this study {i.e. 27.6 MPa to 
55.2 MPa (4 ksi to 8 ksi)}. A lower bound estimate of fatigue 
resistance for extreme life suggested that the crack growth 
threshold stress range was 17.9 MPa (2.6 ksi). 
2. No difference in fatigue behavior was observed for A36 and A588 
II full size steel beams. 
I 
II 
I 
I 
I 
I 
I 
II 
II 
3. A new fatigue strength category is needed for full size cover-
plated beams with flange thickness equal or greater than 20 mm 
(0.8 in.) thick. 
4. Two repair or retrofitting methods were studied in the laboratory 
and field and found to be effective in extending the fatigue life 
of cover-plated beams. The fatigue damage details were retrofit-
ted by peening or by using the gas tungsten arc remelt process at 
the weld toe where the fatigue cracks had formed. 
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5. The peening method appears to provide' a reliable and economical 
means of retrofitting fatigue damaged members which contain very 
small {less than 3 mm (0.125 in.) deep} or no visible cracks. 
6. Out-of-plane displacements in web gaps with lengths between ten 
and twenty times the web thickness will result in fatigue cracks 
if the cyclic out-of~plane movement exceeds 1/1000 times the gap 
length. At gaps equal to five times the web thickness fatigue 
cracks develop if the out-of-plane movement exceeds 1/2000 times 
the gap length. 
7. Small web gaps less than five times the web thickness result in 
very erratic behavior under cyclic out-of-plane displacement. 
Cracks developed at displacements as small as 0.05 mm (0.002 in.). 
8. The test results indicate that careful consideration must be 
given to details that will result in out-of-plane movement in the 
web gap regions. 
9. Fatigue damaged bridge details which have cracks at the end of 
the stiffener or along the web-flange fillet weld as a result of 
out-of-plane displacement can be satisfactorily retrofitted by 
drilling holes at the ends of the fatigue cracks. 
10. A few pilot tests on a web detail which simulated the penetration 
of a girder flange through the web demonstrated that such low 
fatigue resistance exists that bridge structures which incorpor-
ate the detail will eventually fatigue crack. 
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11. Consideration should be given to retrofitting web penetrations 
and comparable details in the near future. 
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6. RECOMMENDATIONS FOR FURTHER WORK 
The studies carried out on this investigation and on earlier work 
reported on NCHRP Projects 12-7, 12-12, and 12-15 have pointed out the 
need for additional studies. It is recommended that consideration be given 
to the following studies so that appropriate design criteria, retrofit pro-
cedures and techniques can be developed. A number of these studies are 
listed in NCHRP Reports 102 and 147 and are repeated here for completeness. 
1. Significance of Manufacturing and Fabrication Discontinuities 
Studies are also needed to evaluate the significance of a variety 
of manufacturing and fabrication discontinuities. For example, 
the influence of seams, laminations and inclusions that are par-
allel to the stress field and weld discontinuities that are par-
allel to the stress field need to be systematically examined. 
Although an inclusion, seam,_or other comparable discontinuity may 
be critical, when oriented so that the applied forces are perpen-
dicular to the discontinuity, available information indicates such 
discontinuities have a minor or negligible effect when located 
parallel to the line of stress. Seams have been observed in 
cover-plated beams with the longitudinal welds attaching the 
cover plate to the beam flange adjacent or over the longitudinal 
seams. In some cases shrinkage has opened the seams. Other con-
ditions that have developed are in rolled plates where seams have 
opened along the edge when welds have been placed along the plate 
surface near the edge. Although analytical indications and 
-50-
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
available information indicate they are not significant, tests 
are desirable to confirm such observations. 
A number of fabricated beams are occasionally identified as having 
discontinuities on the surface and are rejected. An attempt could 
be made to acquire rejected members and to obtain from the mills 
beams having discontinuities. Fatigue tests on these beams would 
provide an indication as to their severity and significance. 
Details similar to the penetration of a girder flange through the 
web of a box girder may exist. A careful review and experimental 
assessment of such details is urgently needed. 
2. Fatigue Strength of Longitudinal Groove Welds with Backup Bars 
Longitudinal groove welds are commonly made with a backup bar 
when fabricating box girder sections. Studies are needed on this 
weld configuration to determine whether or not the flaw condition 
and fatigue strength under these welding conditions are more 
severe than the plain welded beam. Many other forms of welded 
plate construction such as orthotropic bridge decks utilize weld-
ing from one side as well. 
There are various means of making the one-sided groove weld in-
cluding the use of backup bars and glass tape. If permanent 
backup bars are used, it has been common practice to attach them 
to one of the plates by tack welding prior to making the groove 
weld. It has also been the practice in the past to use several 
individual lengths of backup bar when long groove welds are made. 
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These individual lengths have not been groove welded together in 
many cases and this discontinuity is believed to cause a substan-
tial reduction in fatigue strength. 
There-are a few tests available on small longitudinal groove 
welded specimens which have examined these welding conditions. 
Gurney(Zl) has carried out twenty-four simple plate tests which 
have shown that discontinuous backup bars have very low fatigue 
strength. Other tests on curved girders with thin webs did not 
result in as much reduction in fatigue strenth(ZZ). 
At present time there are no known studies on beams having welds 
made with a glass tape for the backup. However, glass tape back-
ups can produce very smooth contours and may prove superior. 
This study could define some of the conditions under which backup 
tapes may be used and any limitations on their use in this 
configuration. 
The results of this study would yield information vital to assess-
ing the strength of numerous bridges that have been fabricated 
with discontinuous backup bars. In addition, the examination of 
intermittent tack welds would provide information on this detail 
which is currently classified as a Category E condition since so 
little test data is available. 
3. Fatigue Strength of Welds in Shear 
The currently used AASHTO Category F provides design values for 
welds in shear. This category was developed from test data 
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4. 
acquired in the 40's(23). It results in the only stress range 
cycle life relationship that is not compatible with other details 
as it deviates substantially from the slope of all other details. 
This is particularly unsatisfactory at the lower stress range -
long design life region. Here greater fatigue strength is implied 
than may be available. 
This study should involve not only supplemental fatigue tests, 
but also a comprehensive review of existing test data that has 
developed since 1950. A large number of tests have been made on 
cruciform joints which have failed in the weld and these results 
were summarized in the paper by Maddox( 24). He found that the 
fracture mechanics solution developed by Frank(ZS) provided the 
best means of assessing the joint capacity. However, additional 
experimental work is needed near the crack growth threshold and on 
longitudinal welds as well as at this lower stress level. In 
addition, a satisfactory design procedure should be developed 
since a fracture mechanics solution is not readily applied to 
design. 
The root cracking that developed in the full size cover-plated 
beams and the earlier studies on smaller scale beams all suggest 
a need for further studies in this area. 
Additional work is needed in the extreme life region of most 
fatigue categories. Only the cover-plated beam detail has been 
subjected to stress cycles in the 107 to 108 region. The 
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suitability of existing design criteria is dependent on the 
adequacy of fatigue resistance in this region. 
5. Further studies are needed on randomly applied variable stress 
cycles near the crack growth threshold (fatigure limit region). 
The existing laboratory and field experience suggest that more 
fatigue damage than anticipated will develop when some stress 
cycles in the spectrum exceed the crack growth threshold. It is 
not known what frequency of occurrence of such events is necssary 
to result in fatigue cracking. 
6. Details not readily classified by existing fatigue design provi-
sions need to be fatigue tested in order to verify the suitability 
of an assumed category. This would minimize the possibility of 
low fatigue strength being used in bridge structures. 
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7. NOMENCLATURE 
= Crack size minor semidiameter of elliptical crack 
= Final crack size 
= Initial crack size 
b = Major semidiameter of elliptical crack 
= Distance between edge of plate and center of crack 
c = Crack growth coefficient, constant 
E = Young's modulus 
e = Eccentricity of the crack 
E(k) = Complete elliptical integral of the second kind 
FA(x) =Correction factor for eccentric crack at location A 
FB(x) = Correction factor for eccentric crack at location B 
= Elliptical crack front correction 
Stress gradient correction factor 
= Front free surface correction factor 
= Back free surface correction factor 
g = Gap length 
I = Moment of inertia 
K = Stress intensity factor 
~K = Stress intensity factor range 
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~~ = Stress intensity threshold factor range 
KIA = Stress inensity factor at location A 
KIB = Stress intensity factor at location B 
log = Logarithm to base 10 
M = Moment from the gap displacement gap 
N = Fatigue life 
SCF = Maximum stress concentration factor 
S = Stress range 
r 
T = Cover plate thickness 
cp 
TF = Flange thickness 
t = Web thickness 
w 
Z = Weld leg size 
a = Stress 
~aTH = Threshold stress range 
~ = Out-of-plane displacement 
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Table 1 Crack Sizes at Span 10, Eastbound, Yellow Mill Pond I 
Crack Length at Crack Length at I 
Primar~ Cover Plate (in.) Secondary Cover Plate (in.) 
Beam I # East End West End East End West End 
1 2 Cracks 1 1/4 U.T. No Secondary CPL- End 
No u.T. I 
2 1/2 1/8 U.T. 5/8 1/8 U.T. I 1/4 3/8 U.T. 1/8 1/8 U.T. 
1-1/2 3/8 U.T. 1/8 1/8 U.T. I 
1/8 1/8 U.T. 
1 3/16 U.T. I 
3 1-1/2 1/8 U.T. 3-1/2 1/2 6 1/8 U.T. I 
1 1/8 U.T. 3/4 No U.T. 
1/2 No U.T. 1/4 No U.T. I 
1/2 No U.T. 1 No U.T. 
4 5/8 1/8 U.T. 3/4 1/8 U.T. I 
5/8 1/8 u.T. I 
5/8 1/8 U.T. 
5 3 Cracks now I 
6 I 
7 5 1/2 U.T. No Secondary CPL- End I 
The first value indicates the length, I the second value the depth of the crack measured by U.T. 
U.'l' = Ultrasonic testing 
No U.T. = Crack not verified by U.T. I 
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Table 2 Crack Sizes at Span 10, Westbound, Yellow Mill Pond 
Crack Length at Crack Length at 
Primary Cover Plate (in.) Secondary Cover Plate (in.) 
Beam 
II East End West End East End West End 
1 1/2 1/16 U.T. No Secondary CPL- End 
1/2 1/8 U.T. 
2 5 Cracks 5/8 No U.T. 
No U.T. 
5/8 No U.T. 
3 2 Cracks .2 1/8 U.T. 1/16 U.T. 
No U.T. 
1/8 U.T. .3 No U.T. 
4 2 Cracks 2 Cracks 
No U.T. No U.T. 
5 3/8 No U.T. 
3/8 1/16 
3/8 1/16 
6 3 Cracks No Secondary CPL- End 
No U.T. 
1 Crack 
1/16 U.T. 
The first value indicates the length, 
the second value the depth of the crack measured by U.T. 
U.T. = Ultrasonic testing 
No U.T. = Crack not verified by U.T. 
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Table 3 Fatigue Data: As Welded Details 
Cycles at Cycles 
1st Crack at End of Type 
of Observed 
Failure Test 6 s (ksi) (106) (106) Beam Detail Steel r Remarks (Cycles x 10 ) 
Bl East A588 4.0 No Crack 41.80 
B2 West A588 6.0 No Crack 27.33 
B3 West A36 4.0 No Crack 65.92 
B4 West A588 -6.0 24.16 
Cracks 24.16 Under Jack 
Cover Plate 
End 
I BS West A588 6.0 14.87 21.31 0'1 Compression 
0 
I Side 
B5 East A588 6.0 9.63 No Growth 21.31 
B6 West A36 8.0 1.43 3.02 CPL-Extension 12.15 
B7 East A588 4.0 18.87 No Growth 47.23 
B8 West A36 6.0 5.07 No Growth 24.31 
B9 West A988 8.0 .64 1.50 CPL-Extension 2.69 
BlO West A36 4.1 No Crack 57.97 
Bll West A588 8.0 1. 68 No Failure 4.29 
Bl2 East A588 8.0 2.05 2.36 Flange Repair 3.43 
B13 West A36 8.0 3.93 4.39 
Compression 4.39 Side 
B13 West A36 8.0 No Crack 4.39 
Bl4 East A588 8.0 .83 2.56 End of Test 2.56 
B15 East A588 4.0 No Crack 56.00 
Bl5 West A588 4.0 56.00 
B16 East A36 6.0 No Crack 14.04 
-------------------
-------------------
Table 4 Fatigue Data: Untreated As Welded Details That Were Retrofitted 
Cycles at 
Type 1st Crack Cycles at Observed Retrofit 
of S (ksi) (106) (106) 
Crack Sizes Retrofit 
Beam Detail Steel r . at Retrofit Method 
Bl West A588 4.0 8.64 12.84 3/8", 1/8", 1/8" Peening 
B2 East A588 6.0 1.66 3.56 3/8",1/2"1~".5/16" GTA Remelt 
B3 East A36 4.0 32.72 No Retrofit 
GTA Remelt 
B4 East A588 6.0 7.64 7.64 4~" Unsuccessful West 7.64 11.40 1-5/16", 1/2" Peened 
I BS West A588 6.0 3.02 9.63 1/4", 1/4" Peened 
"' I-' I B6 East A36 8.0 1.43 1.43 1~" Peened 
B7 West A588 4.0 7.57 Small, not recorded No Retrofit 
B8 East A36 6.0 3.67 5.07 3" Peened 
B9 East A588 8.0 .73 .95 3" Peened 
BlO East A36 4.1 No Cracks 
Bll East A588 8.0 1. 58 1. 63 7/8", 1/8", 1/2" GTA Remelt 
10" long series 
Bl2 West A588 8.0 1.30 2.05 of 1-7/8" cracks, GTA Remelt 
1-1/8" 
B13 East A36 8.0 1.13 1.49 1/4", 1/2", 5/16" GTA Remelt 
Bl4 \vest A588 8.0 .61 .83 4" series of cracks Peened 
BlS A588 4.0 
Bl6 West A36 6.0 2.04 2.14 2" series of cracks GTA Remelt 
Table 5 Fatigue Data: Retrofitted Details, Peened 
Cycles at Cycles to End of Type Retrofit Failure Test 
of S (ksi) (106) (106) (106) Beam Detail Steel r Remarks 
Bl West A588 4.0 12.84 41.80 Root Crack 41.80 
B4 West A588 6.0 11.40 
Compression 24.16 Flange 
I 21.31 0\ B5 West A588 6.0 9.63 21.31 Root Crack N 
I 
B6 East A36 8.0 1.43 
Compression 12.15 Flange 
B8 East A36 6.0 5.07 End of Test 24.31 
B9 East A588 8.0 .95 2.69 
Crack in 2.69 Peened Region 
Bl4 West A588 8.0 .83 Flange East 2.56 
-----------------~-
-------------·-------
Table 6 Fatigue Data: Retrofitted Details, GTA 
Cycles at Cycles to End of Type Retrofit Failure Test 
of S (ksi) (106) (106) (106) Beam Detail Steel r Remarks 
B2 East A588 6.0 3.56 End of Test 27.27 
B4 East A588 6.0 7.64 8.42 Unsuccessful 24.15 
I 
"' w Crack in I Bll East A588 8.0 1.68 4.29 4.29 TIG Weld 
Bl2 West A588 8.0 2.05 Flange East 3.34 
Bl3 East A36 8.0 1.49 End of Test 4.39 
Bl6 West A36 6.0 2.14 End of Test 14.04 
Table 7 Fatigue Data: Cover Plate Extension 
Cycles at S (ksi) Additional Type Repair r Cycles 
of At Cover 
Beam Steel S (ksi) (106) Plate End (106) Remarks r 
B4 A588 6.0 11.33 2.8 12.83 
BS A588 6.0 14.88 2.8 6.43 
Compression 
I Flange 
0\ 
.1::-
I 
B6 A36 8.0 3.02 3.8 9.14 
B9 A36 8.0 1.50 3.8 1.19 
8.0 8.0 .98 No Bl2 A588 2.36 Cover Plate 
-------------·------
I 
I Table 8 Fatigue Data: Out-of-Plane Displacements 
-I Cycles to Deflection Cracking 
Specimen Detail Gap (in.) (x 106) 
B7 C+ 1.25 t 0.0247 0.36 
w 
I B7 D-
1.25 t 0.0037 0.77 
w 
B7 H+ 1.25 t 0.0442 1.01 
w 
I B7 I- 1.25 t 0.0046 o. 77 w 
B9 c- 1.25 t 0.001 5.99 
w 
I B9 D- 1.25 t 0.001 9.59 NC w 
I 
B9 H- 1. 25 t 0.001 2.10 
w 
B9 I- 1. 25 t Not Tested 
w 
I 
B7 A+ 2.5 t 0.01 0.37 
w 
I B7 B+ 2.5 t 0.0027 0.75 w 
B7 F+ 2.5 t 0.0053 0.61 
I w ~ B8A c- 2.5 t 0.005 0.85 w 
I B8A D- 2.5 t 0.00142 2.89 w B8A H- 2.5 t 0.00139 0.85 
w 
I B8A I- 2.5 t 0.00478 2.89 w 
B9 F+ 2.5 t 0.0025 1.22 
I w BlOA G- 2.5 t 0.0005 7.15 NC w 
I BlOA H- 2.5 t 0.0005 7.15 NC w Bl2 A+ 2.5 t 0.001 0.44 
w 
I 
B7 J+ 5.0 t 0.0076 0.87 
I w B7 K+ 5.0 t 0.011 0.87 w 
I 
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Table 8 Fatigue Data: Out-of-Plane Displacements (cont.) I 
Cycles to I Deflection Cracking 
SEecimen Detail GaE (in.) (x 106) 
B8A F- 5.0 t 0.002 3.42 NC [ w 
B9 A+ 5.0 t 0.0048 0.42 
w I. B9 B+ 5.0 t 0.0036 1.36 w 
B9 J+ 5.0 t 0.002 1.80 I w 
BlOA B+ 5.0 t 0.005 0.20 w 
BlOA c+ 5.0 t 0.0125 0.20 I w 
Bl2 B+ 5.0 t 0.0032 1. 62 w I Bl2 C+ 5.0 t 0.001 >10 NC w 
Bl2 E+ 5.0 t 0.005 0.67 I w 
Bl2 G+ 5.0 t 0.002 1.86 
w 
Bl2 H+ 5.0 t 0.007 0.13 I w 
B7 E+ 10.0 t 0.027 0.31 I w 
B7 G+ 10.0 t 0.005 0.31 I w 
B8A A- 10.0 t 0.005 4.12 NC 
w 
B8A B- 10.0 t 0.0023 3.42 NC I w 
B8A E- 10.0 t 0. Ol105 0.62 w I B8A G- 10.0 t 0.01445 1.38 w 
B8A J- 10.0 t 0.005 4.12 NC I w 
B9 E+ 10.0 t 0.005 3.60 
' 
w 
B9 G+ 10.0 t 0.01 >10 NC I w 
BlOA E+ 10.0 t 0.005 2.82 
w I Bl2 I+ 10.0 t 0.01 0.51 w 
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Table 8 Fatigue Data: Out-of-Plane Displacements 
Deflection 
Specimen Detail Gap (in.) 
BlOA A+ 20.0 t 0.01 
w 
BlOA D+ 20.0 t 0.05 
w 
BlOA F+ 20.0 t 0.05 
w 
BlOA I- 20.0 t 0.01 
w 
Bl2 D+ 20.0 t 0.05 
w 
Bl2 F+ 20.0 t 0.01 
w 
NC: No Crack 
+ Weld around stiffener end 
- No weld around stiffener end 
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(cont.) 
Cycles to 
Cracking 
(x 106) 
4.52 
0.43 
0.43 
4.52 
0.38 
>10 NC 
Table 9 Fatigue Test Result Under Previous Project 
Type Cycles Under 
of Previous S (ksi) S (ksi) Beam Steel Project r max 
B7 A514 8.36 X 10
6 13.0/13.6 28.0/29.6 
B8A A514 4.18 X 10
6 18.0 26.7 
B9 A36 9.58 X 10
6 13.0/13.6 19.8/20.7 
BlO A36 3.31 X 10
6 18.0 19.8 
Bl2 A588 4.17 X 10
6 18.0 19.8 
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I Table 10 Test Data: Retrofitted Out-of-Plane Beam Tests 
I Cycles 
SEecimen Detail Gap S (ksi) (x 106) Remarks r 
I B7 A+ 2.5 t 8.0 2.59 Failed at w 
I B+ 2.5 t 9.8 2.59 web-to-flange w C+ 1. 25 t 12.8 2.59 connection in w 
I D- 1.25 t 12.9 2.59 compression from w 
E+ 10.0 t 10.0 2.59 weld porosity. 
I w F+ 2.5 t 12.4 2.59 Detail had sus-w 
I G+ 10.0 t 10.0 2.59 tained 8. 26 x ro
6 
w 
H+ 1.25 t 12.9 2.59 cycles prior w 
I I- 1.25 t 12.8 2.59 to attaching w 
J+ 5.0 t 9.1 2.59 stiffeners. 
I w K+ 5.0 t 7.5 2.59 w 
I B8A A- 10.0 t 6.4 3.01 Failed at 
w 
I B- 10.0 t 7.5 3.01 web-to-flange w 
C- 2.5 t 11.0 3.01 connection in 
I 
w 
D- 2.5 t 11.5 3.01 compression from w 
I E- 10.0 t 7.9 3.01 weld porosity. w F- 5.0 t 9.2 3.01 Detail had sus-
w 
I 6 G- 10.0 t 7.9 3.01 tained 4.18 X 10 w 
H- 2.5 t 11.5 3.01 cycles prior 
w 
I I- 2.5 t 11.0 3.01 to attaching w 
I J- 10.0 t 7.5 3.01 
stiffeners. 
w 
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Table 10 Test Data: Retrofitted Out-of-Plane Beam Tests (Cont.) I 
Cycles I Specimen Detail Gap s (ksi) (x 106) Remarks r 
B9 A+ 5.0 t 6.6 5.08 No Crack I w B+ 5.0 t 7.8 5.08 Grov1th Observed 
w 
C- 1.25 t 10.1 5.08 I w 
D- 1.25 t 10.6 5.08 w I E+ 10.0 t 8.2 5.08 w 
F- 2.5 t 10.2 5.08 I w G+ 10.0 t 8.2 5.08 w 
H- 1.25 t 10.6 5.08 I w 
I- 1. 25 t 10.1 5.08 w I J+ 5.0 t 7.8 5.08 w 
BlOA A+ 20.0 t w 6.1 5.25 No Crack 
I 
B+ 5.0 t 12.5 5.25 Growth Observed I w 
C+ 5.0 t 13.1 5.25 w 
I D+ 20.0 t 4.9 5.25 w 
E+ 10.0 t 7.4 5.25 I w F+ 20.0 t 4.9 5.25 w 
G- 2.5 t 14.0 5.25 I w 
H- 2.5 t 13.4 5.25 
w 
I- 20.0 t 6.1 5.25 I w 
I 
I 
....:.1o- I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Table 10 Test Data: Retrofitted Out-of-Plane Beam 
Cycles 
Specimen Detail Gap s (ksi) (x 106) r 
Bl2 A+ 2.5 t 10.1 0.97 
w 
B+ 5.0 t 11.4 0.97 
w 
C+ 5.0 t 12.0 0.97 w 
D+ 20.0 t 4.5 0.97 
w 
E+ 5.0 t 7.9 0.97 
w 
F+ 20.0 t 4.5 0.97 
w 
G+ 5.0 t 12.0 0.97 
w 
H+ 5.0 t 11.4 0.97 
w 
I+ 10.0 t 8.1 0.97 
w 
+ Weld around stiffener end 
- No weld around stiffener end 
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Tests (Cont.) 
Remarks 
Failed at 
web-to-flange 
connection 
from weld 
porosity. 
Detail had 
sustained 
4.17 X 10 6 
cycles prior 
to attaching 
stiffeners. 
I 
Table 11 Fatigue Life of a Simulated Web Penetration I 
(a) With Plate I 
Type Cycles I of s (ksi) (106) Beam Detail Steel r Remarks 
BlO Al A36 1.87 6. 72 Moment and Shear I 
A2 A36 2.26 11.44 Moment and Shear 
A3 A36 1.35 15.94 Moment and Shear I 
Bl2 Al A588 3.59 1.31 Moment and Shear I 
Bl3 A2 A36 4.35 1.01 Moment and Shear I A4 A36 2.86 1.38 Moment and Shear 
B2 A36 4.35 0.74 Moment and Shear 
I 
Bl4 Al A588 2.44 2.00 Moment and Shear 
A2 A588 3.22 2.56 Moment and Shear I 
A3 A588 2.24 1.88 Moment and Shear 
A4 A588 1. 70 2.56 Moment and Shear I Cl/2 A588 3.14 2.56 Moment only 
C3/4 A588 3.14 2.56 Moment only I 
I 
(b) Without Plate 
Bl4 D2 A588 2.22 0.026 Moment and Shear 
I 
D4 A588 2.43 0.026 Moment and Shear I B3/4 A588 3.14 2.56 Moment only 
I 
I 
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Table 12 Allowable Stress ·Range 
For 100,000 For 500,000 For 2,000,000 
Cycles Cycles Cycles 
Category (ksi) (MPa) (ksi) (MPa) (ksi) (MPa) 
E' 
,..-----~ 
16 110 9.4 65 ( 5. 8) 40 
--- _ ____. 
Table 13 Detail Classification 
Kind of Stress 
Situation Stress Category 
Base metal at end of partial-length 
welded cover plates having square 
or tapered ends, with or without 
welds across the ends: 
Flange thickness s; 0.8 in. (20 mm) T or Rev E 
Flange thickness > 0.8 in. (20 mm) T or Rev E' 
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For 20,000,000 
(ksi) (MPa) 
@ 18 
Ex. No. 
(See Ref. 6 
Table 1. 7. 2A2) 
7 
7 
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Fig. 2 Test Setups for Full Size Cover-Plated Beams 
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Fig. 5 Cover Plate Extension 
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Fig. 6 Test Setup for Out-of-Plane Tests 
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Fig. 12 Remelted Weld Toe at Yellow Mill Pond 
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Fig. 18a Small Crack at Weld Toe (about 5X magnification) 
Fig. 18b Small Crack -at Weld Toe (about 5X magnification) 
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Fig. 23 Typical GTA-Welded Cover Plate End on Test Beam 
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Fig. 38 Test Girder with Web Penetrations 
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APPENDIX A 
MATERIAL PROPERTIES AND BE&~ CHARACTERISTICS 
Details of the full size cover-plated beams are given in Fig. 1 
with nominal dimensions and weld details. A36 and A588 steel rolled beams 
(W36X230) were used for this study. The thickness of flanges and webs 
were measured with a micrometer. Widths of flanges and depths of beams 
were measured using a dial gage mounted on a fixed caliper. The dimen-
sions were compared with the values from the steel tables. Because of the 
small differences between the actual and the tabulated values, the values 
from the tables were used for -further calculations. 
Table Al summarizes measured dimensions and cross-section pro-
perties of a typical cover-plated beam. These measured properties are 
compared with tabulated handbook values in Table Al. 
The results of the mill tests are given in Table A2. The mech-
anical properties include dynamic yield point usually provided at 2.54 mm 
(0.1 in.) per minute, tensile strength and elongation. Also given are the 
chemical composition specification required by ASTM. 
In order to determine the macroscopic brittle-ductile transition 
behavior of the beam material, conventional ASTM Standard A370-68 Type A 
Charpy V-Notch specimens were prepared from the flanges. The specimens 
were all transverse (LT) with notch direction perpendicular to the rolling 
direction. The impact test data was analyzed using a least squares best 
fit sigmoidal computer program developed at Lehigh University. 
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Figures Al and A2 summarize the CVN test results for the flange 
materials in the form of standard Charpy V-Notch curves. For the two mate-
rials the energy absorption and the lateral expansion data, plotted 
against temperature show a conventional form with reiatively sharp 
transition behavior. The 20 joule (15 ft-lb.) energy level for A36 steel 
is at -1° C (30° F), the 0.38 mm (0.15 mil) lateral expansion transition 
temperature is at 6° C (43° F). The 23 joule (17ft-lb.) energy level for 
A588 steel is at -68° C (-91° F), the 0.38 mm (0.15 mil) lateral expan-
sion transition temperature is at -67° C (-89° F). 
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Description 
Measured 
Values 
Handbook 
Values 
Beam 
~ 
W36X230 
W36X230 
Beam 
~ Steel 
W36X230 A36 
W36X230 A588 
Table Al Cross-Sectional Properties 
Nominal 
Moment Nominal 
Flange Web Total of Section 
Width Thickness Thickness Depth Inertia Hodulus (in~) 3 (in.) (in.) (in.) (in.) (in.) 
16.531 1.243 0.809 35.97 14923 830 
16.4 71 1.260 0.761 35.88 . 15000 837 
Table A2 lull Report of Mechanical Properties 
Dynamic 
Yield Tensile Elongated 
Heat Point Strength (8" Gages) 
Steel Number (ksi) (ksi) % 
A36 182 X 587 40.4 60.1 29.5 
"42.9 62.8 31.0 
A588 182 X 844 57.9 79.5 . 21.5 57.7 79.3 27.3 
Table A3 Mill Report of Chemical Properties 
Heat Chemical Analysis (%) 
Number c Mn p s Si Cu Ni Cr v Al 
182 X 587 0.21 0.60 0.010 0.024 
182 X 844 0.17 0.82 0.015 0.022 0.23 0.25 0.28 0.50 0.021 0.018 
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